Introduction
A long time ago, Nicollian and Brews had already predicted that in the wide bandgap semiconductor, e.g., Si, almost high-frequency capacitance-voltage (C-V) curves are observed at room temperature (RT) even at measured frequency as low as 10 Hz [1] . Meanwhile, they also foresaw that it is possible to obtain the low-frequency C-V curves in narrow-gap material like Ge even at 100 kHz because of a higher intrinsic carrier concentration as compared to Si. Indeed, it has been demonstrated that due to fast supply of a large of minority carriers, low-frequency C-V curves are apparently observed in Ge MOS capacitors at the standard high frequency used in traditional Si. To date, the minority carrier characteristics for capacitors deposited on Ge remain still rare. Thus, we measured the admittance characteristics of atomic-layer-deposited (ALD) Al 2 O 3 dielectric films on Ge substrates and further performed the numerical simulator MEDICI and theoretical calculation to understand the inner minority carrier response mechanisms in details.
Experimental
The Al 2 O 3 thin films were deposited on p-type Ge substrates (ca. 2 x 10 15 cm -3 ) by ALD system at 100 °C, in which Al(CH 4 ) 3 and H 2 O were pulsed alternatively into the reactor for 1 s per pulse separated by N 2 purge of 10 s. The Pt capacitance electrode (area ~ 4 x 10 -4 cm 2 ) was formed via a shadow mask with Al backside contact. Finally, the entire MOS structures underwent the forming gas anneal (N 2 /H 2 , 90:10) at 300 °C for 30 min. We focused on the studies of temperature-and frequency-dependent admittance properties for Ge and Si MOS capacitors; the minority carrier response time and the latent mechanism differences can be determined through the substrate conductance (G sub ) characteristics after deducting the effect of the insulator capacitance (C ins ). In MEDICI simulation, the capacitor structures were simulated with SiO 2 (30 Å) and Al gate. Here, we further defined an effective transition frequency (f t ) for which the value of the inversion capacitance reaches a half of the C ins , marking the onset of low-frequency C−V behavior.
Results and Discussion
Figures 1 and 2 illustrated the experimental C-V and conductance-voltage (G-V) curves of Pt/ALD-Al 2 O 3 /p-Ge capacitors. Two remarkable features were noticed: (a) the low-frequency C-V curve presented below 1 kHz and this behavior was more obvious with increasing the temperature (Fig. 2); (b) the G-V curves entering the inversion exhibited the plateau, accompanying with an increased value up to 60 °C. As shown in Figs. 3(a) and 3(b) , the simulation can present the identical dependences of the C-V curves on the measured frequency and temperature, in agreement with above experimental observations. Accordingly, we also analyzed the Arrhenius-dependent G sub of Si and Ge with different dopant concentrations (10 14 and 10 16 cm -3 ), together with the results observed experimentally in this and previous studies [ Fig. 4(a) ]. As seen, the simulated G sub can be apparently divided into two stages, which were dominated by diffusion conductance (G diff ) at high temperatures and generation-recombination conductance (G g-r ) at low temperatures, respectively. Most importantly, the order of the G sub of the dielectric on Ge were larger than these on Si by 10 4 at least, indicative of a larger energy loss occurring in Ge. Our data also showed a consistent tendency with all these findings; moreover, from the defined f t [ Fig. 4(b) ], it was expected that a relatively higher f t in Ge capacitors were found due to the fast minority carrier response rate. Lower measured temperature and higher substrate doping can reduce the value of the f t . In Fig. 5(a) , we calculated the respective component of G diff and G g-r in Ge and Si and it was found that the crossover temperatures at which transition is made from g-r dominance to diffusion behavior were ca. 329 and ca. 440 K for Ge and Si, respectively, close to the reported values of ca. 318 and ca. 413 K, respectively [1, 2] . For low-doped Ge, the values of the theoretically calculated f t in Fig. 5(b) are also similar to the MEDICI simulation results; interestingly, the contrary trend was characterized for high-doped Ge case. The assumed value of N T in bulk Ge is a critical role in determining the resultant values of f t in calculations. Here, Ge with a high dopant concentration corresponded to have a larger f t as well, opposite to the reduced f t in ideal because of the reduced minority carrier density. But, it has been reported that the same MOS structures deposited on high-doped Ge, relative to on low-doped one, exhibited the low-frequency C-V curves even more [3] . We reasonably attributed this result to that more bulk trap impurities can be induced by increasing the dopant concentration in Ge.
Conclusions
We have investigated the effects of fast minority carrier response behavior on Ge MOS capacitor properties and further explored the underlying contribution mechanisms. -calculated (a) G diff and G g-r , and (b) f t as a function of temperature for Si and Ge materials, respectively. Note that the C ox = 1.1 x 10 -6 F/cm 2 (SiO 2 = 30 Å) and N A = 2 x 10 15 cm -3 were used in the calculation of the f t in Fig. 5(b) . Here, N T is the bulk trap density.
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